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INTRODUCTION INTRODUCTION INTRODUCTION INTRODUCTION INTRODUCTION
The general consensus that the intestinal flora is important in the pathogenesis of chronic bowel inflammation is based on solid clinical and experimental evidence [1] . Despite this, all attempts to identify specific changes of the intestinal flora that are associated with chronic inflammation have either failed or are inconsistent [2] . Previous investigations of bacterial involvement in inflammatory bowel disease (IBD) have mainly been based on comparative studies of bacterial isolates. It is likely however, that the intestinal flora is structurally organized [3] . Sampling of the intestinal contents prior to culture or gene-based identification disrupts the structural organization of bacteria within the gut and may disguise the complex interactions between intestinal flora and the host.
The aim of this work was to study the composition and spatial organization of the intestinal flora in normal mice and in two commonly used models of murine colonic inflammation, using fluorescence in situ hybridization (FISH) with rRNA-targeted, fluorescent Cy3/Cy5 (carbocyanine) labeled oligonucleotide probes [4] .
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Animals
Three different groups of mice were investigated: wild-type mice without colitis (WT group, n = 3), wild-type mice with acute chemically-induced colitis (DSS group, n = 3), IL-10 knockout mice without colitis (IL-10 C-group, n = 2) and IL-10 knockout mice with manifest colitis (IL-10 C+ group, n = 3). All mice studied were of C57BL/6J background and obtained from Jackson Laboratories (Bar Harbor, ME). Mice were housed in micro-isolator racks and allowed access to food and water ad libitum. Colitis was induced in 5 to 8-wk-old wild type mice (WT) by adding 3% dextran sulfate sodium (DSS, 40 kDa MW; obtained from ICN, Costa Mesa, CA) to the drinking water for 5 d. Acute colitis developed in all treated animals by d 4 of DSS exposure.
Symptoms included diarrhea, gross or occult blood in stool (measured by Hemoccult II Sensa cards; Beckman Coulter, Palo Alto, CA), and weight loss. DSS-treated mice were sacrificed on d 7 after first exposure to DSS. The spontaneous development of colitis in mice genetically deficient in IL-10 was monitored by daily weight measurements and weekly stool occult blood tests. Animals were sacrificed by CO 2 asphyxiation. A portion of the midjejunum, the terminal ileum and the whole colon were obtained. The colon was divided into 5 parts representing the cecum, proximal, mid, distal colon, and the rectum. Each colon part was analyzed separately. Intestinal segments were fixed in Carnoy's solution [5] for 3 h, then processed into paraffin blocks using standard techniques, cut into 4-10 µm sections and placed on SuperFrost slides (R. Langenbrinck, Emmendingen, Germany) for pathologic examination and FISH studies.
The studies were conducted under protocols approved by the Institutional Animal Care and Use Committee of Duke University Medical Center.
Fluorescence in situ hybridization
Oligonucleotide probes were synthesized with a Cy3 or Cy5 reactive fluorescent dye at the 5' end (MWG Biotech, Ebersberg, Germany). Forty domain, group and speciesspecific FISH probes (Table 1) were applied to murine colon sections. The Eub338 universal bacterial probe was used to detect virtually all relevant bacteria. The nonsense probe Non338 was used to test for nonspecific binding of oligonucleotide probes. Formamide concentration and hybridization temperature were used as described to achieve the optimal stringency . Additional hybridizations using a permeation step with lysozyme were performed in parallel for detection of Gram-positive bacteria. In situ quantification of fecal bacteria Bacteria were visualized by FISH and 4, 6-diamidino-2-phenylindole stain (DAPI) under a Nikon e600 fluorescence microscope (Nikon, Tokyo, Japan) and photo-documented with a Nikon DXM1200 camera and software (Nikon). The enumeration of bacteria was performed only when hybridization signals were clear and morphologically distinguishable as bacterial For each group-specific FISH probe, high power (×1 000 magnification) photographs were made of three different microscopic fields within the intestinal lumen at the widest, narrowest, and median diameters of each colonic segment. The estimation of bacterial concentrations was made based on the assumption that a 10-µL sample with a cell concentration of 10 7 cells per mL brings 40 cells per average microscopic field at magnification of 1 000 [4] . Two investigators independently counted bacteria within a 50 µm 2 area of the microscopic field (about 1 cm 2 of the 100% scale photographic image). The mean number of bacteria was recorded for each colonic segment. In cases where single bacterial cells were morphologically indistinguishable due to high bacterial concentrations and the fluorescence was confluent to a homogeneously fluorescent mass, no enumeration was attempted and the bacterial concentration was assigned a value of >10 12 per mL. If single bacterial cells were not distinguishable within the bacterial carpet but some empty gaps could be recognized, the bacterial concentration was assigned a value of >10 11 per mL. Evaluation of spatial interrelationship of bacteria and assessment of cross-hybridization The spatial organization of bacteria was evaluated in three steps. Group or speciesspecific signals (green-orange fluorescence Cy3) were visualized simultaneously with a Eub338 probe universal for all relevant bacteria (dark red fluorescence Cy5). All probes positively hybridizing with more than 1% of bacteria were further combined with each other in pairs, in a twocolor analysis (Cy3 vs Cy5). This allowed us to characterize the position of different bacterial groups relative to each other within the intestine and to assess potential crosshybridization. Although probes chosen for this study were designed for definite bacterial groups and extensively tested (Table 1 ) , the specificity of each probe is relative. In these experiments, multiple observations were made to determine whether bacteria that hybridized with one probe gave a positive hybridization signal with a probe representing other bacterial groups, rather than to rely on results obtained with a single probe. When probes of unrelated bacterial groups hybridized with the same bacteria, the hybridization stringency was adjusted until a clear differentiation was possible. Otherwise the results achieved with cross-hybridizing probes were excluded.
Quantification of dynamic compartments
The quantification of the dynamic structures, such as bacterial populations of crypts, bacteria organized in layers adjacent to the mucosa, and the width and spread of the mucus, was based on the mean values of at least ten photographs of different microscopic fields made within each bowel segment at a magnification of ×400 for layers and ×1 000 for crypts.
Statistical analysis
Mean values and standard deviations were calculated for bacteria concentrations and measurements of layer (e.g., mucus or interlaced) thickness. Using t-tests, P<0.05 was considered statistically significant.
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Distribution of bacteria within bowel based on hybridization with universal bacterial probes Healthy wild type mice The ileum was narrow. The few microorganisms found were heterogeneously composed, random, and without signs of adhesion or contact with the intestinal wall ( Figure 1 ). The cecum was wide and contained a highly concentrated mass of bacteria. The exact enumeration of bacteria was impossible since single bacteria could not be distinguished within the confluent fluorescent carpet (Figure 2A ). Luminal bacteria were in direct contact with the wall of the cecum. Despite this contact, the bacteria lining the cecal mucosa were probably non-adherent. Shrinkage caused by fixation sometimes led to dissection of feces from the cecal wall. In Figure 2 Concentrated bacterial mass in direct contact with the mucosal surface (A) and non-adherent bacteria (B) in cecum of a healthy wild type mouse. E = epithelium; F = feces. Arrow indicates the shrinkage of feces, arrowheads indicate bacteria in crypts.
all regions where this dissection took place, no bacteria adhered to the mucosal surface ( Figure 2B ). Abundant bacteria were observed within crypts ( Figure 2B , arrowheads). The proximal colon was wide initially, and narrows distally. Fecal bacteria were present in high numbers and contacted the colonic wall along most of its length. Numerous bacteria were seen in nearly half of all intestinal crypts, even very deep within the wall. The number of crypts containing bacteria and the number of bacteria within these crypts were even higher in the proximal colon than in the cecum.
A thin but dense band of homogeneous bacteria was present in the distal part of the colon. Because this band of bacteria was interlaced between the epithelial wall and the unorganized fecal masses, it was termed the interlaced layer ( Figure 3 ). The mid-colon was narrow, and generally contained little feces. If present, fecal material was restricted to a fine tubelike structure located centrally within the intestinal lumen and separated from the epithelial surface by mucus. Bacteria were seen less often within crypts ( Figure 4 ). The colon lumen widened in the distal colon and was filled with masses of feces containing a high concentration of bacteria. A growing mucus gap devoid of bacteria completely separated the colonic wall from this fecal biomass. Nearly no bacteria was found in crypts and no interlaced layer was seen.
The lumen of rectum was wide. The mucus layer separating the bacteria from the mucosa continuously thickened ( Figure 5 ). No bacteria were found within crypts in the rectum. IL-10 knockout mice without colitis The bacterial concentrations in the ileum of IL-10 knockout mice without colitis were similar to findings in healthy WT mice. However, the concentrations and occurrence of bacteria in crypts, the thickness of the interlaced layer, and the overall concentrations of fecal bacteria were noticeably less compared to healthy WT mice ( Table 2) . DSS-treated wild-type mice and IL-10 knockout mice with colitis Five striking changes were observed both in mice with colitis due to DSS exposure and in IL-10 knockout mice with spontaneous severe colitis (Table 2) . First, there was a massive reduction of bacterial concentrations within the fecal masses in all colonic segments compared to healthy WT mice. Second, in inflamed colon, the middle colon lost its dividing function. The narrowing observed in normal WT mice was not observed in the colitis groups. The area where fecal masses had direct contact with the mucosal surface was reduced. The mucus gap separating the colonic wall from the fecal biomass began more proximally than in healthy WT mice. In mice with colitis, the mucus layer was evident in the distal cecum and became broad and complete in the proximal colon. Third, the number and occurrence of bacteria within crypts increased manifold compared to mice without colitis. Bacteria could be regularly seen even in crypts of the inflamed distal colon, while bacteria were seen only in the crypts of cecum and proximal colon in healthy WT mice. Fourth, the interlaced layer became extremely thick in the proximal and middle colon of mice with colitis, and reached thicknesses of >300 µm in some locations. The interlaced layer could be observed separating feces from mucosa, beginning in the distal cecum and continuing to the proximal portion of the distal colon. Fifth, in addition to these gradual changes, bacteria adhering to the mucosa or invading mucosal epithelial cells were seen in mice with colitis, but not in healthy WT mice.
Compartment-specific composition of bacterial communities in different colonic segments
Intestinal bacteria were organized in crypt, interlaced, fecal, adhesive, and invasive compartments. Crypt, interlaced, and fecal compartments were observed in all groups; however, adhesive and invasive bacteria were seen only in animals with colitis. The bacterial groups found in different compartments are summarized in Table 3 . Generally all bacterial groups that were observed within the crypt compartment could also be found in the interlaced and fecal compartments. However, not all bacterial groups found in feces had access to the interlaced
compartment. In addition, some bacterial groups seen in both fecal and interlaced compartments were never seen in the crypt compartment (Table 3) . 
Composed of different morphotypes one of which could be found within and one outside of the interlaced layer.
The composition of the bacterial populations within single compartments (feces, interlaced, crypt) was the same in all investigated groups of animals. However, the spread, extent, and volume of these different compartments within different colonic segments differed markedly between groups with and without colitis, irrespective of the etiology of the inflammation. Fecal compartment The composition of the bacterial community in the lumen of ileum could not be reliably evaluated in all groups of mice due to low bacterial concentrations and their irregular distribution within the lumen. Different bacterial groups found in the ileum appeared to be at random and varied from animal to animal in an unpredictable manner.
All bacterial groups that were positively hybridized with FISH probes were homogeneously mixed within the feces, without a gradient in distribution between regions adjacent to the mucosa and distant regions ( Figure 6 ). The Arch915, Gam42a, Beta42a, Srb385, Bfra602, CF319a probes demonstrated a high grade of cross-hybridization and were excluded from the evaluation. The Erec, Lach, Alf1b, Phasco, Lab158 and Bac303 probes hybridized with more than 10% of the fecal population at least in one of the animals tested. The Rbro, Chis150, Clit135, Ehal, Ecyl, LGC, Cor653, Bdis659 probes hybridized with more than 1% of the fecal population. The Bif164, HGC, Rfla, Enc131, Veil, Ato291, UroB, UroA, Strc493, Ebac, Arc1430 probes hybridized with less than 1% of the population. Despite this low overall proportion, the absolute number of these bacterial groups was higher than 10 7 cells/mL and therefore, easy to distinguish from the non-specific background. The Ec1531, Y16s-69, Sgd, Fprau, Sfb, Hpy-1, Efaec, Ser1410, Dss658 probes failed to give signals that were different from the background fluorescence seen with the nonsense probe. Changes in bacterial concentrations within the fecal compartment from the cecum to the rectum The types of bacteria present in the fecal compartment were constant in all colonic segments and animal groups; however, the concentrations differed markedly. This was illustrated by the changes in mean concentrations of bacteria that hybridized with Erec and Bac303 probes, the two most abundant bacterial groups within the fecal compartment, during the transition from cecum to rectum (Table 4) . Bacterial groups found both in the crypt and fecal compartments (e.g., Erec, Alpf1b, Phasco, etc; Table 3 ) were predominant in the cecum of healthy WT mice and their concentrations declined distally. The concentrations of bacterial groups found mainly in feces (e.g., Bacteroides, Clit135, Chis150, etc. Table 3 ) remained relatively stable throughout the colon. Thus their concentrations increased relative to the Erec-like groups. Crypt bacterial communities Crypt bacteria were mainly found in the cecum and proximal colon of healthy WT mice (Table 2) . Starting with the middle colon, bacteria could be only sporadically observed within the crypts. No bacteria were found within crypts of the distal colon and rectum. The occurrence and number of crypt bacteria were significantly reduced in IL-10 knockout mice without colitis. In contrast, in both DSS mice with colitis and IL-10 knockout mice with spontaneous colitis, the crypt population was amplified and crypt bacteria could be seen sporadically even in the rectum (Table 2) . Despite this significant difference in the extent and the distribution of crypt communities, the composition of the crypt population was the same in all investigated animal groups. Groups hybridizing with the Alf1b, Erec (Lach), Phasco and Lab158 probes were detected within crypts in different combinations. In the cecum, crypt bacteria directly contacted fecal masses and these bacteria were the main constituents of the fecal compartment. Bacteria positively hybridizing with Bac303 (Bacteroides), Chis150 (Clostridium histolyticum), and Clit135 (including Clostridium difficile) probes were never identified within crypts of any of the groups investigated (Table 3) , although they were homogeneously intermixed within the fecal compartment and directly contacted the mucosa and crypt mouths in the cecum. In the proximal colon, the groups of bacteria that were present within crypts formed the interlaced layer before they mixed with the fecal compartment. Interlaced layer The interlaced layer was mainly composed of the same bacterial groups that were present within the crypts (Table 3) . These bacteria were condensed in extremely dense mats adjacent to the mucosa, which were clearly demarcated from the rest of the feces. This layer was relatively thin in WT mice and in IL-10 knockout mice without colitis. However, the interlaced layer was markedly amplified in all mice with colitis.
The concentration of bacteria into the interlaced layer was not simply numerical. The interlaced layer prevented the mucosa from contact with bacterial groups hybridizing with Bac303 (Bacteroides) and Clit135 (Clostridium difficile) probes which were observed in the cecum and initial parts of the proximal colon in healthy WT mice ( Figure 6 ). The blocking role of the interlaced layer was especially well seen when pairs of probes representing all (Eub338)/interlaced (Erec, Alf1b, Phasco, Lab158, etc.) and exclusively fecal (e.g., Bac303, Clit135) bacterial population were simultaneously used (Figures 7, 8 ). Adhesive bacteria Bacteria had direct contact with the cecal wall in healthy WT mice. These bacteria were separated completely from the wall when the fecal masses shrank during fixation without that bacteria adhered to the colonic surface ( Figure 2B ). Bacterial-mucosal contact in the cecum was therefore not adhesive.
True adhesion was observed in all animals with colitis. This was characterized by bacteria, which lined the mucosal surface and were located beneath the mucus layer. This true adhesion was found in at least one location in all animals with colitis, but was observed mainly in the distal portion of the colon (Figure 9 ). Sixty percent of adhesive bacteria were Bacteroides. Invading bacteria Bacteria invading the mucosa were found exclusively in the rectum and distal colon of DSS and IL-10 knockout mice with colitis ( Figure 10 ). The types of invading bacteria were heterogeneous but mainly represented bacteria of the Bacteroides and Erec groups. The proportion of Bacteroides to Erec was more than three to one. In the present study we described a novel approach for the characterization of biofilm in the murine intestine. The utilization of the broad in situ typing methodology, described herein, allowed for the first time to visualize the spatial complexity of murine intestinal microbiota in health and disease. Our results clearly show that normal murine intestinal flora is highly differentiated, organized in structurally definitive, distinctively composed compartments, which are typical for each colonic segment and closely interrelated to colonic function. Finally, we report, for the first time, that intestinal inflammation is associated with spatial redistribution of specific groups of bacteria in the large intestine of mice. In recent years a large amount of data has emerged that point out the importance of biofilm in environmental microbiology in such diverse settings as implantable medical devices [31] and dental plaque [32, 33] . In regards to the intestinal microbiota, however, detailed investigations are clearly lacking. The limited number of studies that incorporated FISH technology to investigate microorganisms in histologic material of human or animal intestines has dealt for the most part with the detection and enumeration of bacteria [34] [35] [36] . In contrast, in the present study, we modified the existing methodology to achieve better characterization of the spatial association between intestinal bacteria and the mucosal environment. First, to accomplish optimal resolution of the spatial structures, our technique included probes, which have been shown to express low bacterial specificity taking into account some level of uncertainty in regard to the specificity of identification of bacteria and the sensitivity of enumeration studies. Second, we hybridized all probes that generated positive signals in multiple combinations to each other. Probes, which cross-hybridized with a subset of bacteria even when high stringency conditions were applied, were subsequently excluded from the evaluation. A major finding of our study is the clear diversity observed between different intestinal segments in regards to the number of intraluminal bacteria and the localization of microorganisms in relation to intestinal wall. Specifically, in our study, bacteria were rare in the small intestine. On the contrary, with the exception of middle colon, all colonic segments were found to contain a large number of bacteria within the fecal mass. Striking differences, however, were observed between proximal and distal colonic areas regarding the position of microorganisms in relation to the bowel wall. Indeed, not only were the cecum and proximal colon tightly filled with high concentrations of bacteria, but direct contact of all involved bacterial groups with the bowel wall was observed as well. More importantly, abundant bacteria within colonic crypts were a uniform characteristic of proximal large intestinal segments. On the other hand, in the distal colon and rectum intraluminal bacteria were prohibited from contact to the bowel wall, whereas no microorganisms were detected in the colonic crypts.
We hypothesize that the differences in the spatial association between commensal bacteria and murine colonic wall replicate functional differences between individual colonic segments. First, our data indicate that the cecum and proximal colon, where direct contact of bacteria and bowel wall takes place, are involved in the proper fermentation reactor of the large bowel in mice. In addition, the rich bacterial population found within the crypts of proximal colonic segments of WT mice contradicts the previous assumption that such localization of bacteria indicates the presence of disturbed mucosal barrier [38] . A more plausible explanation is that these bacteria represent inocula used by the host to boost and maintain the stability of fermentation. This notion is strongly supported by the fact that intracryptic bacteria are devoid of potentially harmful species such as Bacteroides (Bac303) or Clostridium difficile (Clit135). Second, our findings support the concept that, different from the proximal colon, the distal colon functions mainly as a segregation device. In fact, the waste product segregation is managed by a mucus layer that normally starts in the middle colon and becomes fully developed in the distal colon, where the number of crypt bacteria continuously declines. The composition of mucins in the proximal and distal colonic segments in mice and men has been extensively studied and marked differences were previously described [37] . The lack of detection of a mucus layer by in situ hybridization in the cecum and proximal colon of WT mice does not indicate that mucin production by the cecal epithelium does not occur. It is more probable that mucus secreted in the murine cecum is penetrable by bacteria and does not lead to the development of the mucus layer, which physically separates the fecal masses from the epithelium. The "physiological" contact that takes place between bacteria and proximal large intestinal wall may underlie the tolerance of the colonic epithelium towards commensal flora that characterizes the healthy state. More importantly it offers an attractive explanation as to why colitis very often originates in the distal colon, where the bacteria are separated from the mucosa and tolerance does not develop. The functional differences between proximal and distal colon in healthy WT mice are further emphasized during peristalsis. The proximal and distal parts of the healthy WT mouse colon are dilated and filled with feces and divided by a narrow middle colon, which prevents the intermixing of the two reservoirs.
A unique finding in our study is the identification of the interlaced bacterial layer. This represents a bacterial sheet that is composed of selected microbial groups, which grow in dense mats between feces and mucosa and are impenetrable for most fecal bacteria. The interlaced layer is an entirely new entity observed in the transition zone between proximal and distal colon. The reason why previous studies failed to detect this distinctive layer may lie in the fact that the interlaced layer is relatively thin in healthy WT mice and poorly contrasts against the bright fluorescence of highly concentrated dense fecal compartment when universal probes or single group-specific probes are used. It can be definitively recognized only when pairs of probes specific for strictly fecal bacteria such as Bacteroides along with crypt-specific bacterial probes such as Erec are concomitantly applied, an approach that has not been practiced until now. The functional peculiarities of the interlaced layer indicate that it could be nature's solution for preventing the spoiling of the fer mentation by overgrowth of contaminants or facultative pathogens.
Our studies in DSS-treated and IL-10 knockout mice clearly demonstrate that, in the setting of intestinal inflammation, the described complex cooperative work of macro and microorganisms within the intestinal lumen was deranged. The development of colitis introduced changes that can be interpreted as increasing host intolerance to the fecal flora. First, in the inflamed colon the formation of the mucus layer that prevents contact of feces with the colonic wall moved proximally and became detectable in the cecum. Second, the spread and width of the mucus layer significantly increased throughout the colon. Third, redistribution of the intestinal microorganisms occurred that was highly selective and compartment-specific. Indeed, the concentrations of bacteria in the fecal compartment dropped dramatically. Nevertheless, while microorganisms were suppressed within the fecal compartment, the intra-cryptic bacterial groups recognized by the Alf1b, Erec, Phasco and Lab158 probes as well as the interlaced bacterial layer were enhanced in their growth. Both the number of crypts containing bacteria and the number of bacteria within single crypts significantly increased in mice with colitis. Furthermore, intra-cryptic bacteria were regularly found even in the distal colon. The interlaced layer got especially dense and thick in the inflamed proximal and middle colon and spread up into the cecum. Although these results indicate an activation of intestinal defense mechanisms in mice with colitis, as expressed by the wider spread and increased thickness of mucus and the interlaced layer, fecal bacteria are able to overcome the defense lines. In fact a definite discriminatory characteristic between healthy and colitic mice is the presence of invasive bacteria and bacteria that were adhesive to the mucosa below the mucus in the latter group. Specification analysis revealed that Eubacterium rectale group was most numerous in crypts, feces and the interlaced layer. On the other hand, Bacteroides species dominated the adhesive and invasive populations documenting the changing spectrum of bacteria involved in the inflammatory process.
In conclusion, the present study indicates that the proximal, middle and distal colonic segments appear to be physiologically distinct with respect to their interactions with bacteria. On the other hand, bacterial attachment to the mucosa can follow one of three principally different processes: fermentation (facilitated by direct contact to the proximal colonic wall), protection (through the formation of an isolating interlaced layer), and inflammation (adhesion and invasion). These processes are differently expressed throughout the colon and have opposite meanings in each case and position. The first is reduced, whereas the last two are enhanced in colitis. As an end result, the interrelation between bacteria and colonic epithelium and the state that predominates (tolerance vs. inflammation) is constantly defined by the mode of bacterial attachment and the colonic segment where this attachment takes place. The spatial, segment-specific structure and differential response of specific bacterial groups and compartments to inflammatory stimuli may be pivotal for the clarification of many past inconsistencies of experimental and clinical research regarding the pathogenic role of bacteria in IBD [38] [39] [40] [41] and is a promising goal for future studies.
